In this study, we generated phosphoserine-and phosphothreonine-containing peptide radical cations through low-energy collision-induced dissociation (CID) cleavage. The CID spectra of the p M ·+ species and their non-phosphorylated analogues featured fragment ions of similar sequence, suggesting that the phosphoryl group did not play a significant role in the fragmentation of the peptide backbone or side chain. The extent of neutral H 3 PO 4 loss was influenced by the peptide sequence and the initial sites of the charge and radical. A preliminary density functional theory study, at the B3LYP 6-311++G(d,p) level of theory, of the neutral loss of H 3 PO 4 from a prototypical model-N-acetylphosphorylserine methylamide-revealed several factors governing the elimination of neutral phosphoryl groups through charge-and radical-induced mechanisms.
Introduction P rotein post-translational modifications (PTMs) are essential processes in the regulation of cellular events because they are necessary steps toward rendering the functionality of a protein [1] . Phosphorylation is a common PTM; in many proteins, the hydroxyl (-OH) group of the side chain of a tyrosine, serine, or threonine residue is modified with an inorganic phosphoryl [-OPO(OH) 2 ] group to activate or deactivate cell signaling processes [1] . The exact phosphorylation site(s) of proteins cannot be predicted directly from known genomes; deciphering the sequences of phosphorylated peptides is, therefore, a necessary step toward understanding the functions of the proteins [2] .
Mass spectrometry (MS)-based identification of phosphopeptides involves analysis of fragmentation patterns to determine the peptide sequence and the number and exact positions of the phosphorylation sites. Despite recent advances in MS-based proteomics, determining the exact modification sites of phosphorylated peptides remains challenging [3] [4] [5] [6] , partly because deciphering phosphopeptide sequences from fragmentation patterns requires an understanding of the remarkable range of chemistry that can occur during the dissociation process. Phosphoester [C-OPO (OH) 2 ] bonds are labile during collision-induced dissociation (CID), potentially resulting in facile elimination of the covalently bonded phosphoryl moieties, through the loss of neutral inorganic phosphates, even under low-energy CID conditions. In contrast to the traditional sequencing approaches based on CID of even-electron protonated peptides [M + nH] n+ [7, 8] , the gas-phase dissociations of odd-electron peptides [M + nH] ·(n-1)+ , generated through electron capture dissociation (ECD) or electron transfer dissociation (ETD), can be used to determine the sites of PTMs, partly because they involve specific cleavages along the peptide backbone under controllable conditions, in some cases retaining the labile modified groups [9, 10] . Alternative approaches for the formation of radical peptide cations include multiphoton laser desorption ionization of peptides featuring aromatic chromophores [11] [12] [13] , CID of peptides derivatized with a free-radical initiator or labile radical precursor [14, 15] , laser photolysis of peptides containing photolabile tags [16, 17] , and one-electron oxidative dissociation of ternary metallopeptide complexes induced by CID [18] [19] [20] [21] . The latter method, with judicious choice of the transition metal and ligand for the metal complex, has allowed us to prepare a variety of both cationic and anionic radical peptides (M
) within various commercial tandem mass spectrometers, including triple-quadrupole, three-dimensional or linear quadrupole ion trap, and hybrid quadrupole time-offlight tandem mass spectrometers, equipped with an electrospray ionization (ESI) source [22] [23] [24] [25] [26] .
In this study, we extended the established metal-ligand complex method to the generation of p M ·+ species, opening up a fruitful exploration of their chemistry. To the best of our knowledge, this approach has not been employed previously for the generation of p M ·+ radical cations [22, 23, 26] . Here, we synthesized a series of p M ·+ radical cations in situ within a quadrupole ion trap mass spectrometer. The dissociation of these novel p M ·+ species is substantially different from that of their protonated counterparts; understanding their dissociation chemistry is, therefore, a significant and important step toward dissecting the fundamental factors governing the extent of neutral H 3 PO 4 loss.
Experimental

Materials
All chemicals were obtained commercially (Aldrich and Sigma, St. Louis, MO, USA; Bachem, King of Prussia, PA). Fmoc-protected amino acids and Wang resin were purchased from Advanced ChemTech (Louisville, KY, USA). The phosphopeptides were synthesized in-house using standard Fmoc synthesis strategies, as described previously [27] , and used without further purification. Cu(II)(terpy)(NO 3 ) 2 (terpy: 2,2';6',2''-terpyridine) and [Co(III)(salen)]Cl [salen: N,N '-ethylenebis(salicylideneiminato)] complexes were synthesized according to previously reported procedures [28, 29] .
Mass Spectrometry
All experiments were conducted using a quadrupole ion trap mass spectrometer (Finnigan LCQ, ThermoFinnigan, San Jose, CA, USA). Samples typically comprised 600 μM metal complex and 50 μM peptide in a water/methanol (50:50) solution. They were introduced into the mass spectrometer through direct infusion (2.0 μL/min) via the electrospray ionization (ESI) source. The injection and activation times for CID in the ion trap were 200 and 30 ms, respectively; the amplitude of the excitation was optimized for each experiment.
Computational Methods
The geometric structures of the model systems-N-acetylphosphorylserine methylamide analogues-were optimized in the framework of density functional theory (DFT) at the unrestricted B3LYP/6-311++G(d,p) level, as implemented in the Gaussian 03 quantum chemistry package [30] . Local minima and transition structures were identified with zero and one imaginary vibrational frequency, respectively, as obtained from harmonic frequency analyses. The local minima associated with each transition state structure were also confirmed through calculations of the intrinsic reaction coordinates. [20, 26, 31] , except for the additional channels related to H 3 PO 4 loss. Our present results indicate that it is indeed possible to extend the one-electron oxidative dissociation of metal-peptide complexes to the gas-phase syntheses of novel cationic phosphorylated radical peptides.
Results and Discussion
Dissociation of Phosphopeptide Radical Cations
Upon successful generation of phosphoserine-or phosphothreonine-containing peptide radical cations, we studied the gas-phase dissociations of phosphorylated-angiotensin III derivatives to elucidate the fundamental factors governing their competitive fragmentation mechanisms, in particular, their phosphate ester bond cleavages. , by replacing the second N-terminus phosphoserine and first C-terminus phenylalanine residues with phosphothreonine and leucine residues, respectively). The CID spectrum of the phosphothreonine radical cation [R p TYIHPF] ·+ reveals ( Figure S1 - + peak by the total area of all product ion peaks with peak heights greater than 0.5 % of the maximum peak height in the corresponding peptide radical cation or protonated peptide spectra b The most predominant further fragment y 6 *+ ion is also taken into account ions, respectively); these fragmentation pathways are similar to those of the phosphorylated analogues (Figure 2a and b) , except for the additional fragmentation pathways related to neutral losses of H 3 PO 4 .
Some Factors Influencing the Neutral loss of H 3 PO 4
The results presented above indicate that the fragmentation pathways of p M ·+ radical cations are diverse and that they differ significantly from those of their protonated counterparts. The perception after the fact is that low-energy CID of protonated phosphopeptides can induce facile gas-phase β-elimination of H 3 PO 4 [2] . Interestingly, the loss of H 3 PO 4 from phosphopeptide radical cations, on the other hand, proceeds less readily in some cases, but the reasons are not obvious. The exact mechanism underlying these dissociations has yet to be determined; therefore, we further explored some of the factors governing the competition between the neutral loss of H 3 PO 4 and other fragmentation pathways. To semiquantify H 3 PO 4 loss, Table 1 lists the fractions of the phosphorylated peptides that underwent H 3 PO 4 loss. The degree of neutral loss of H 3 PO 4 depends strongly on the (Figure 4b) , which model H 3 PO 4 losses from a peptide that features, respectively, only the charge, only the radical, and both the charge and the radical at the phosphoserine residue.
Several mechanisms have been proposed for H 3 PO 4 losses from protonated peptides [32] , among which the most favorable involves nucleophilic attack on the β-carbon atom of the p S residue by its neighboring amide oxygen atom to form a five-membered oxazoline ring [2, 32, 33] . For our current model, we predicted the energy barrier against such charge-induced H 3 PO 4 elimination to be 22.3 kcal mol -1 (Figure 5a) . Radical-induced H 3 PO 4 loss can proceed via homolytic C β -O bond cleavage of the p S residue that contains an α-carbon-centered radical. If no excess proton is available in the vicinity of the p S residue, we estimate the energy barrier to be 15.6 kcal mol -1 (Figure 5b ). When an excess proton is available, as in the model as presented in Figure 5c , the energy barrier against the α-radical-induced homolytic C β -O bond cleavage is lowered further (to 10.9 kcal mol -1 ). The charge-induced five-membered-ring mechanism is also possible for the model in Figure 5c , with a higher energy barrier of 25.5 kcal mol -1 . Nevertheless, the barriers for the H 3 PO 4 losses from the currently studied model systems (10-26 kcal mol -1 ) are comparable with the values for the backbone cleavages of other tripeptide radical cations, ranging approximately from 17 to 34 kcal mol -1 [34] [35] [36] [37] [38] . Thus, both the charge and radical can play important roles in the loss of H 3 PO 4 from molecular peptide radical cations.
Conclusion
We have generated phosphorylated peptide radical cations through low-energy CID of corresponding ternary ligated Cu (II)-and Co(III)-peptide complexes. Our CID experiments on p M ·+ revealed significant, yet different, extents of neutral losses of H 3 PO 4 . Dissociation of phosphorylated peptide radical cations yields not only conventional b/y ions, which are commonly observed from the dissociation of their protonated counterparts, but also [c n + 2H] + and [z n + H] ·+ ions, which are also sequence-informative, as well as sidechain losses. Low-energy CID of phosphopeptide radical cations generated sequences of fragment ions similar to those of their non-phosphorylated radical cationic counterparts, suggesting that phosphorylation does not significantly influence backbone fragmentation of molecular peptide radical cations, despite variations in the relative abundances of the fragment ions. The fraction of radical cations undergoing H 3 PO 4 loss was affected by the sequence of the peptide, the site of the radical, and the basicity of the peptide. Preliminary calculations revealed that the losses of H 3 PO 4 occurring through charge-and radical-induced mechanisms are both energetically favorable, generally featuring relatively low activation barriers.
